As a vehicle reenters the atmosphere or travels at hypersonic speeds within it, a bow shock forms around the leading edge of the vehicle. The air is superheated as it passes through the shock wave and becomes ionized. This plasma layer prevents the transmission of radio frequency communications to or from the vehicle, causing what is know as communications blackout. In this paper, we present results from experiments performed to evaluate the use of crossed electric and magnetic fields to lower the plasma density in a region surrounding an antenna. Plasma number density, plasma frequency, and signal attenuation measurements were made with a Langmuir probe, hairpin resonance probe, and S2-1 probe, respectively. The hairpin resonance probe and the S2-1 probe measured frequency responses for input frequencies ranging from 200 up to 4000 MHz. Results show that this approach is a viable method for communications blackout amelioration. We found that the plasma number density decreases by as much as 70% with the operating conditions used in this work, and the plasma frequency dropped by as much as 75%. The increased reduction in the plasma frequency, as compared to the plasma number density, was due to the addition of greater magnetic field strength when the frequency measurements were made. In addition, frequencies that were previously attenuated by more than 10 dB have almost no attenuation after the application of the electric and magnetic fields. = velocity perpendicular to magnetic field vector, m=s i = end effect parameter
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= velocity perpendicular to magnetic field vector, m=s i = end effect parameter I. Introduction W HEN a hypersonic vehicle travels through the atmosphere, a bow shock forms in front of the vehicle. As the air passes through the shock, it becomes superheated and ionizes, forming a high-density (10 15 -10 19 m 3 [1, 2] ) low-temperature (0.4-1.0 eV [1, 2] ) plasma layer surrounding the vehicle. The plasma density is high enough such that communication and telemetry signals are prevented from passing to and from the vehicle. Radio frequency signals cannot pass through the plasma layer because the plasma acts as a conductor, blocking transmissions. This causes a condition known as communications blackout. This blackout phenomenon first came to the public's attention when humans began traveling into space and jumped to the forefront of the public eye during Apollo 13's atmospheric reentry from a failed attempted moon landing. When NASA began using the space shuttle for human space travel, and with the addition of the Tracking and Data Relay Satellite (TDRS) system, the communications blackout was no longer an issue for human spaceflight in the United States. Since the orbiter is not fully encapsulated in plasma during reentry, radio signals transmitted to TDRS in orbit are then relayed back down to Earth. However, with NASA's continuing interest in scientific exploration and sample return missions, communications blackout remains an issue. Also, NASA is retiring the space shuttle and returning to a capsule-type reentry vehicle with the development of the Crew Exploration Vehicle (CEV). This return to a blunt-bodied capsule means that TDRS will no longer be useful in maintaining contact during atmospheric reentry since a capsule is entirely surrounded by plasma. In addition, the U.S. military maintains continual interest in alleviating the blackout problem in order to maintain continuous Global Positioning System (GPS) contact with hypersonic vehicles traveling within the atmosphere.
Passive control and active control methods exist for manipulating the reentry plasma. The most common type of passive control is adjusting the leading-edge geometry of the hypersonic vehicle, also referred to as aerodynamic shaping, in order to allow data transmission through the plasma by weakening the shock strength. One example of aerodynamic shaping is to use a sharply pointed vehicle, which is surrounded by a thinner plasma sheath, as opposed to a more blunted body for reentry [3] . However, sharply pointed vehicles have significantly less payload capacity and more aerodynamic heating issues than more rounded capsules [4] .
Active control methods include the addition of electrophilic materials into the flow and plasma manipulation by magnetic fields [5] . When electrophilic materials are injected into the flow upstream of an antenna, the molecules combine with free electrons, creating negative ions and reducing the electron density and therefore the plasma frequency [6] . Although this method is effective in reducing the electron number density by up to 30% (resulting in a plasma frequency reduction of about 50%) [2] , the reduction is not sufficient for maintaining communications throughout the reentry process. Increasing the flow rate of the liquid increases the amount of electron number density reduction, but the weight of liquid required to sufficiently lower the plasma frequency to a suitable level (approximately 100 kg [2] ) prevents this method from being feasible as the only method for overcoming communications blackout. Therefore, this method would require combination with some other form of density attenuation.
The use of magnetic fields to lower the plasma density shows promise, because binding the electrons tightly to the magnetic field lines prevents them from responding to the electric field component of the electromagnetic oscillation from radio communications [7] . This effectively creates a "window" through which communications can freely pass. However, analytical work has shown that the magnetic field required to allow the communications frequencies of interest to NASA and the U.S. Air Force to penetrate the reentry plasma must be very strong. For example, a 1 T magnetic field would be required to allow S-band frequencies to pass through the plasma layer formed around a vehicle with a very blunt leading edge [8, 9] . Although such a strong magnetic field requirement may prohibit the use of this method, the effects of an applied crossed electric and magnetic (E B) field have not been previously considered in the literature and could lead to some interesting phenomena related to the electron drift, the ion acceleration, and maintaining a strong electric field within an quasi-neutral plasma [10] .
The goal of this project is to create a localized region within simulated reentry plasma where the number density is lowered to a level that allows the passage of electromagnetic communications signals. We used a 150-mm-diam helicon plasma source operating with argon to produce plasma densities surrounding an antenna similar to those found during atmospheric reentry. The densities downstream of the helicon source are representative of those found at altitudes ranging from 60 to 75 km for a reentry vehicle on a ballistic trajectory [11] . Plasmas occurring in these conditions typically have frequencies ranging from 280 MHz up to 30 GHz. Then we used electric and magnetic fields produced by the reentry and hypersonic vehicle plasma communication system (ReComm System) to manipulate the plasma and create a region of lower dense plasma within the bulk plasma. Typical reentry plasma layers on ballistic trajectories are approximately 30 mm thick [2] , but we were unable to simulate this in the laboratory due to the nature of the thick, uniform helicon source discharge [11] . We compensated for that by only measuring the ReComm System effect on plasma densities within 30 mm of the ReComm System surface. This paper presents density reduction, plasma frequency, and signal coupling strength measurements from downstream of a 150-mm-diam helicon plasma source and above the ReComm System at the University of Michigan Plasmadynamics and Electric Propulsion Laboratory (PEPL). These results were obtained using a single Langmuir probe, a hairpin resonance probe, and an S2-1 probe, respectively. All probes were operated with both the ReComm System off and on to demonstrate its effect on the plasma.
II. Theory of Plasma Density Reduction
Using E B Fields
Our idea for the plasma manipulation system most simply consists of crossed magnetic and electric fields forming what is known as an E B drift channel for charged particles. This idea has previously shown promise in modeling work done concurrently with this research, demonstrating plasma density reductions of up to a factor of 10 [12] . Using crossed electric and magnetic fields has the potential to provide two means for lowering the plasma density: 1) E B drift and 2) the formation of an electrostatic sheath that is stabilized by the magnetic field [12] . The equation of motion for crossed electric and magnetic fields is given in Eq. (1) [13] :
Assuming that an electric field exists along the y axis, a magnetic field along the z axis will cause a moving charged particle to orbit about the z axis while drifting in a circular motion along the x axis. The motion of the charged particle guiding center is described by Chen in Eq. (2) [13] and can be seen in Fig. 1 . Thus, if an antenna were placed within the crossed electric and magnetic fields, the general motion of the particles would be in a direction away from it, resulting in a region of lower density from conservation principles:
Another method by which it is believed that the crossed electric and magnetic fields will create a region of lower number density is by establishing a high-voltage sheath surrounding the antenna that depletes electrons from the region. This concept relies on the fact that because ions are much more massive than electrons, magnetic fields have much more of an effect on electrons than ions. In addition, because strong magnetic fields can be used to stabilize high-voltage sheaths [14] , an applied electric field would accelerate ions past an antenna, while the magnetic field traps electrons, preventing arcing between the electrodes used to establish the electric field. The acceleration of the ions again results in the lowering of the plasma density due to conservation principles.
III. Facilities and Experimental Setup
All testing was performed in the Cathode Test Facility (CTF) at PEPL. The CTF is a 2.44-m-long by 0.61-m-diam aluminum-walled vacuum chamber. An attached cryopump is able to evacuate the chamber to a base pressure of 3 10 7 torr and can maintain Fig. 1 Particle motion in an E B field. The guiding center velocity V gc is known as the E B drift velocity [13] .
pressures up to 1 mtorr with gas flow. A 150-mm-diam quartz tube surrounded by a double helix, half-wavelength, 13.56 MHz antenna and three electromagnets serves as the helicon plasma source. The source is connected via a rubber O-ring to a 145-mm-diam port on the CTF. Helicon plasma sources create very-high-density (upward of 10 19 m 3 ) plasma [15] . The plasma source in this experiment was operated with an argon gas feed such that the background pressure was 0:6 0:05 m torr. Argon was used as the working fluid to simulate the density during atmospheric reentry because the plasma frequency is dependent only on plasma density, not gas species. Moreover, argon requires a lower ionization energy than that required by air. At those conditions the source produces plasma with sufficient ion number density to simulate atmospheric reentry in the upper atmosphere [11] . Figure 2 shows the experimental layout with the indicated axes and directions. Downstream of the helicon plasma source, the ReComm System is located such that its upper surface lies directly below the helicon plasma source port at a vertical (z) position of 85 mm. The measurement origin is located in the radial center of the helicon source at the y position where the quartz tube attaches to the vacuum chamber. As such, the region of interest for these experiments is a small volume defined by the following: x 40 and 0 mm, y 350 and 400 mm, and z 75 and 70 mm.
A. ReComm System Setup
The ReComm System consists of a set of electrodes and an electromagnet to apply crossed electric and magnetic fields, which establish an E B drift of charged particles (Fig. 3a) . The magnetic field is produced from a custom-designed water-cooled electromagnet made of copper tubing wrapped around an iron core and is set atop an iron base. On top of the electromagnet is a sheet of mica that acts as the surface of a spacecraft. Two stainless steel electrodes set atop the mica sheet provide the electric field. One electrode (cathode) is directly above the center of the iron core and the other (anode) is 40 mm upstream of the first. Figure 3b is a photograph of the ReComm System used in these experiments with the electromagnet, mica sheet, and stainless steel electrodes shown.
Above the iron core of the magnet is a strong (maximum B z 2000 G) uniform magnetic field along the z axis. However, because of the magnet design, further from the center of the iron core in both the x and y directions, the magnetic field becomes increasingly more divergent. Figure 4a is a plot of the y-z magnetic field strength vector directions and relative magnitudes in a plane along the x axis. The location of the iron core of the magnet is indicated in the figure. In addition, Fig. 4b shows the maximum possible z component of the magnetic field in a plane 10 mm above the ReComm System mica surface. This location is the closest plane that the diagnostic probes could be to the surface of the ReComm System throughout the experiments because of the linear table system used for these experiments and the probe thickness. During ReComm System operation, we varied the peak z component of the magnetic field from 0 to 2000 G, allowing for determination of how variances in the magnetic field strength affected the plasma density. These magnetic fields result in gyro frequencies ranging from about 3 MHz up to 6 GHz.
Perched atop the electromagnet is a 6.3-mm-thick mica sheet. This sheet serves two purposes. The first is to create a dielectric barrier between the plasma and the electromagnet. Without the mica barrier, the plasma, which was at a 50 V-potential [11] , would arc to any sharp metal point or edge on the electromagnet. The second is to simulate the dielectric surface of an atmospheric reentry vehicle. Furthermore, atmospheric reentry vehicles must withstand incredibly harsh conditions, including massive heat loads. Dielectric ceramics are among the few materials viable for reentry shielding [16] .
The electrodes are made up of 3.2-mm-diam stainless steel rods that run parallel to each other and the x axis, 40 mm apart. Each electrode is set into the mica sheet so that only half of its radius protrudes above the sheet. One-hundred-millimeter lengths of each electrode were exposed to plasma, and the remainder of the electrodes were covered with fiberglass tape to hold them in place. The anode is set to ground, and the cathode is set to a potential that varies between 0 V (ground) and 250 V. Thus, the E B drift is in the negative x direction, as indicated previously in Fig. 3 . Because of limitations of the experimental setup, the maximum operating pressure was 0.6 mtorr. When the pressure was higher, the cryopump would saturate and no longer be able to remove gas from the system. When the pressure was lower, the plasma number density decreased below the threshold established for these experiments. Unfortunately, this limitation meant that the ReComm System was immersed in plasma with neutral pressure at the bottom of the Paschen curve [17] . Therefore, without the presence of a sufficiently strong magnetic field, the electrodes would arc to each other. Operation with only an electric field was not possible, and as the potential between the electrodes was increased, the magnetic field strength had to increase as well to prevent arcing.
B. Diagnostics
We used several plasma diagnostic techniques during this research in order to measure plasma ion number density, plasma frequency, and signal attenuation for various magnetic and electric field settings of the ReComm System. All probes were mounted atop three highprecision linear translation tables to allow for three-dimensional mapping above the ReComm System.
Cylindrical RF-Compensated Langmuir Probe
We used a 13.56 MHz RF-compensated Langmuir probe (LP) system from Hiden to measure the plasma number density with and without the ReComm System operating. The LP system consists of a 1.78-mm-long by 0.15-mm-diam tungsten collector, RF circuitry, data acquisition software, and a controller box. The LP controller box produces a varying voltage, and the plasma response is measured by the collected current from the LP tip. The RF circuitry consists of low-pass filters that eliminate any RF noise picked up by the tungsten probe tip as well as a graphite compensation electrode. Raw LP data were stored as current vs voltage characteristics (I-V curves) and then smoothed via a seven-point box-smoothing spline prior to analysis. The smoothing was done to eliminate any 13.56 MHz noise that may be picked up by the transmission lines, therefore facilitating ion number density calculation.
Once the data were smoothed, we analyzed the I-V curves using the cylindrical probe, collisionless sheath analysis, because the mean-free-path-to-probe-radius ratio (Knudsen number) was much greater than unity [18] [19] [20] . Also, since the probe-radius-to-Debyelength ratio was less than three for the operating conditions in this experiment [11] , the ion number density was calculated using the orbital-motion-limited (OML) assumption based on techniques developed by Laframboise and Parker [21] . This method of analysis assumes that the LP is submersed in cold, collisionless, quasi-neutral, stationary plasma where the sheath dimensions increase as the probe potential increases. This behavior affects the collection of the ion current. Equation (3) shows how the ion number density was calculated:
Strong magnetic fields can affect LP current collection by constraining the motion of charged particles, altering the I-V characteristic [22, 23] . Since operation occurred in the OML regime and we were only interested in the ion number density measurements, we had to worry only about the ion saturation region of the I-V characteristic. To ensure that the ion number density calculation remained unaffected by the strong (up to 2000 G) magnetic field generated by the ReComm System, we found the ion gyroradius from Eq. (4), where the electron temperature in the area of interest was no less than 0.5 eV [11] :
As long as the ion gyroradius was larger than the probe radius (for this case, the ion gyroradius was at least 30 times the probe radius), the ion number density calculation presented above is valid. In addition, the effect of a magnetic field on a cylindrical LP is minimized when the probe axis is perpendicular to the magnetic field lines [24] , as it was in the area of interest in these experiments. One final check to ensure the applicability of the OML method for the LP analysis was to check that the ion current to the probe was on the order of the square root of the probe voltage. This is valid and can be seen in Fig. 5 , in which Fig. 5a is the ion current from an LP trace where there was no magnetic field present, and Fig. 5b is the ion current from an LP trace where there was a 1850 G magnetic field present.
Another issue that can complicate LP characteristic interpretation is the end effect caused by probe submersion in flowing plasma. End effects are minimal if the parameter given in Eq. (5) below is much greater than unity [25] . Since this was the case for these experiments, our Laframboise and Parker method for analysis is accurate:
Although traditional LP error estimates for the absolute value of the ion number density are large (50%), the relative error between points should be consistent, since the experimental setup and method of analysis remained constant throughout. Thus, the relative trends in which we are interested should be accurate to within 15% [26] . 
Hairpin Resonance Probe
In addition to the Langmuir probe measurements, we used a hairpin resonance probe to measure plasma frequency for various ReComm System operation conditions. Resonant probes measure the resonant frequency of the hairpin, which is related to the dielectric constant of the surrounding medium by Eq. (6) [27] :
Equation (7) relates the dielectric constant, the plasma frequency, and the probe resonant frequency in plasma with little or no magnetic field effects:
Thus, by measuring the shift in the resonant frequency of the hairpin probe, the plasma frequency is obtained. We used a network analyzer to drive a low-amplitude, frequency-varying current to the probe. The power was coupled to the hairpin through an induction loop in a coaxial cable. Reflected power was observed using the same network analyzer in order to determine the frequency shift of the probe. The resonant frequency of the hairpin probe was the frequency at which the reflected power was at a minimum. The frequency components are related as follows:
In the above equation, s is the sheath correction factor, which is based on the dimensions of the hairpin probe and the Debye length of the plasma. The space-charge sheath width b is found by adding the Debye length to the probe wire radius a [28] . Since the Debye length is a function of the plasma number density, and thus the plasma frequency, an iterative process was used to first calculate the plasma frequency and then determine the Debye length. The sheath correction factor varied between 1.1 and 1.5, depending on the plasma density. In order to determine whether the magnetic field is strong enough to affect the operation of the hairpin probe, we looked at the plasma dispersion relation for the ordinary wave and the extraordinary wave. For magnetized waves propagating in plasma, the ordinary wave (parallel to the electric field) does not affect the motion of electrons, but the extraordinary wave (perpendicular to the electric field) does [13] . We looked at the relative dielectric constant response for both the ordinary and extraordinary waves in plasma with a number density of 10 16 m 3 and a magnetic field of 2000 G. Figure 6 shows that for the vacuum resonant frequency of the hairpin probe (1:5 GHz), the relative dielectric constant is unity. Thus, the resonant frequency shift for our hairpin probe was due only to the ordinary wave allowing the use of Eq. (7) without having to take magnetic field effects into consideration.
The network analyzer used for these experiments has a minimum resolution of 10 MHz; therefore, the error in the resonant frequency measurements is a minimum of 5 MHz. In addition, the minimum frequency of the network analyzer is limited to 200 MHz due to the limitations of required RF and dc filters.
S2-1 Signal Attenuation Probe
The S2-1 signal attenuation probe uses two monopole antennas submerged in the plasma to measure the coupling strength between them with a vector network analyzer. The benefit of this probe is that it provides a direct measurement of signal attenuation by the plasma. In addition, the plasma frequency can be determined from the signal attenuation data as the minimum of the frequency response. The antennas were set 20 mm apart to simulate the thickness of a reentry plasma layer [1, 2] , and the measurement was normalized to the case with no plasma in order to remove the antenna response from the results. We used the same network analyzer for these measurements as was used for the hairpin resonant probe measurements, so the same frequency resolution and minimum frequency limitations apply.
IV. Results
We gathered density reduction, plasma frequency, and signal attenuation data for various ReComm System operating conditions. Density reduction was calculated from the LP I-V curves and is presented as the percent that the density decreased when the ReComm System was operating with respect to the density without the ReComm System operating: % reduction n i;o n i;R=C n i;o 100 (10) The plasma frequency was found from data gathered with the hairpin resonance probe, and signal attenuation was measured in dB as a function of frequency with the S2-1 probe. The ReComm System was operated with only the magnetic field and with both the magnetic and electric fields. During electric field operation, there was a maximum allowable potential difference that could be applied between the electrodes for each magnetic field strength operating condition, due to the onset of arcing. These maximum potentials are shown in Table 1 .
A. Density Reduction
We measured density reduction as a function of x and y positions and ReComm System operating conditions. The data were obtained in two x-y planes: 1) along the z 70 mm axis, 15 mm above the mica surface (Figs. 7 and 8) and 2) along the z 75 mm axis, 10 mm above the mica surface (Figs. 9 and 10) . Figure 7 was obtained while the maximum magnetic field along the z axis (B z ) was 950 G for two cathode voltage settings: V c 0 and 100 V. The black curves in Fig. 7 represent the quarter-circle where the data overlap the iron core of the magnet, and the black lines on either side of the plots indicate the location of the electrodes. The region of greatest density reduction (50% less density than what was observed without the ReComm System operating) occurred within the iron core and nearest the cathode. As expected, the crossed electric and magnetic fields caused a reduction in the plasma density. However, with only an applied magnetic field, there was also significant density reduction. In fact, the addition of the electric field seemed only to increase the area where the 50% density reduction occurred. One explanation for this is that since the magnet used in this investigation creates a divergent magnetic field, the field lines trapped the electrons before they could enter the region where the electric field was present. Another possibility is that the electric field was not sufficiently strong with respect to the plasma densities present to cause any significant additional density reduction.
In order to determine whether a stronger electric field provided more density reduction, we increased the magnetic field strength so that the electrodes could not arc to each other. Figure 8 shows the density reduction as a function of x and y positions for maximum B z 1850 G and for three cathode voltage settings: V c 0, 100, and 250 V. Similar to the 925 G case, the region of greatest density reduction occurred within the iron core of the magnet and near the negative electrode. The increased magnetic field caused an increase in the density reduction, from 50 up to 55%. As before, the magnetic field alone caused significant density reduction in the plasma, and the addition of the negative 100-V-potential difference across the electrodes increased the density reduction to 60% and increased the size of the region in which the density reduction occurred. However, increasing the cathode voltage to 250 V did not increase the reduction or the size of the reduction window. In actuality, the added voltage caused the maximum density reduction to decrease to 40%, and in locations further from the iron core of the magnet, the ion number density of the plasma actually increased (indicated by a negative density reduction). One possible explanation for this is that the stronger potential difference between the electrodes caused further breakdown of the ionized argon gas, thereby increasing the plasma density. It appears, in the case shown in Fig 8c, that the magnetic field was not strong enough to prevent the dc breakdown in the gas.
We also wanted to determine how the ReComm System affected the plasma closer to the mica sheet. We measured the density reduction when the ReComm System was in use along a plane 10 mm above the mica sheet for the same conditions as shown previously. Figure 9 shows the percent density reduction when 1) B z 925 G and V c 0 V and 2) B z 925 G and V c 100 V. Since the magnetic field is stronger closer to the surface of the magnet, the overall density reduction along this plane is higher, as expected. Also, in this case the addition of the electric field increased the maximum density reduction from 50 to 55% in addition to increasing the size of the window where the density was reduced. This can be explained by the fact that there was a stronger electric field along this x-y plane since it was closer to the ReComm System. These measurements show that increasing the overall magnetic field strength will increase the thickness of the plasma through which the ReComm System will have an effect.
Increasing the magnetic field strength of the ReComm System further lowered the ion number density to a reduction of 60% without the presence of an electric field. The plasma response to the addition of the electric field with B z 1850 G in the plane where z 75 mm was similar to that found in the plane where z 70 mm. Increasing the potential on the cathode to 100 V caused a slight increase in the density reduction (up to 70%), but increasing it further to 250 V caused a decrease in the density reduction in the majority of the investigation area. The exception was a small pocket above the iron core of the magnet where the density was still decreased by 70%. This pocket of very low density can be accounted for because this is the location of the strongest magnetic field.
B. Plasma Frequency
We conducted hairpin resonance probe measurements with the ReComm System off and for two operating conditions of the ReComm System: 1) B z 2000 G and V c 0 and 2) B z 2000 G and V c 250 V.
We found that the plasma frequency decreased significantly when the ReComm System was turned on. The magnetic field alone reduced the frequency by up to 65%, and the addition of the electric field reduced the plasma frequency by 75% of what was present when the ReComm System was turned off (Fig. 11) . This was expected based on the LP data, since the plasma frequency is related to the electron number density by Eq. (11) [13] :
The 65 and 75% frequency reductions are akin to 80 and 85% density reductions, respectively. When the ReComm System was operating with B z 1850 G and V c 0 V, the maximum density reduction was measured as 60% by the LP, and when the potential was increased to 100 V, the reduction increased to 70%. Since the hairpin data were found with a stronger ReComm System magnetic field and electric field, the corresponding increased density reductions were expected. This correlation provides confidence that both the LP and the hairpin resonance probe were properly functioning during testing.
C. Signal Attenuation
We gathered signal attenuation data as a function of input signal frequency for three locations varying from above the anode to above the cathode. We measured the signal attenuation for the same ReComm System operating conditions as were used with the hairpin resonance probe. The minimum of the S2-1 trace corresponds to the plasma frequency. As seen in Fig. 12 , turning on the magnetic field greatly lowered the frequency where the communication signal could pass without more than 5 dB of attenuation. The level of frequency reduction was greater in the region closer to the center of the magnet (toward the cathode: Fig. 12c) . Adding a potential drop across the electrodes further reduced the plasma frequency at the cathode but had no effect on the plasma near the anode (Fig. 12a) . In addition, the change in the minimum of the frequency responses show that the plasma frequency decreases by about 700 MHz at the center of the magnet with the addition of the ReComm System. This finding is consistent with data gathered from the hairpin resonance probe. That a signal was transmitted between the two antennas below the plasma frequency can be explained by the evanescent waves still being able to travel between the antennas. This is because the distance between the antennas is at most 5% (at 1 GHz) of a wavelength, and evanescent waves attenuate as a function of distance rather than the medium through which they travel [13] .
D. Discussion of Results
Although the ReComm System did not operate as expected, a significant amount of density reduction was still observed. While we initially thought the E B drift would be the main cause for the amount of density reduction, the data show that the magnetic field itself is the major contributor to the density reduction. In some cases the ReComm System provided a 70% plasma density reduction. If the magnetic field used in these experiments had been uniform in only the z direction, as was originally planned, the electrons would have been caught in orbits about the magnetic field lines and moved only in the z direction. This would have led to an increase in the electron density in the region above the antenna. Since the magnet used in these experiments did not provide a uniform magnetic field, as shown in Fig. 4 , the following equation must be applied to the motion of the charged particles [29] :
In the above equation, v R is the velocity in the radial direction and W z is the kinetic energy in the z direction. Electrons and ions drift in opposite directions, perpendicular to both the curvature force and the magnetic field lines B. Referring to Fig. 4a , the motion of the electrons in a direction perpendicular to the magnetic field lines would cause them to be deflected away from the region surrounding the antenna. This result is sketched in Fig. 13 , where the magnet, electrodes, and electron trajectories are shown. The electron trajectories were generated with the physics-modeling package COMSOL based on the magnetic field strengths used in this experiment. The electrons orbit around the magnetic field lines before drifting away from the region surrounding the antenna. The electric field contribution seems to be only in the formation of an electrostatic sheath, rather than the contribution of the E B drift. Looking at Fig. 7 through Fig. 12 , we can see that the any increase in the density reduction with the application of the electric field occurred nearest the cathode. This result implies that the potential Fig. 12 S2-1 probe signal attenuation as a function of input signal frequency and ReComm System operating conditions for a) y 350 mm (above the anode), b) y 370 mm, and c) y 390 mm (above the cathode). Fig. 13 Expected motion of the electrons with only the magnetic field operating. Image generated by COMSOL physics-modeling package with a magnetic field equivalent to those used in this study. The wire frames of the magnet and the electrodes are shown, and the line traces show the electron trajectories.
drop across the electrodes is not smooth as was originally expected, but consisted of distinct jumps, as shown in Fig. 14 . These jumps are indicated by the fact that the only appreciable difference between the data when the electric field was present versus when it was not is at the y location of the charged electrode. Explanations for this result include the fact that the magnetic field is too strong to assume that the ions are not affected by it and that the plasma density, and therefore the collision frequency, is too high to allow for the formation of a smooth potential drop between the two electrodes. Thus, the E B drift would be negligible since there is effectively no electric field in the in the central region between the anode and the cathode.
V. Conclusions
The purpose of this research was to determine whether the application of an E B field in a plasma sheath could create a region of lower dense plasma through which an electromagnetic wave with a frequency normally below the cutoff frequency would pass through. The experimental results show that plasma density is reduced by as much 70% and the plasma frequency is reduced by as much as 75% with the application of the ReComm System. The slight increase in the plasma frequency reduction from what would be expected by calculation from the plasma density is due to the fact that a higher magnetic field could not be applied while the Langmuir probe was operating. This is due to magnetic field effects. The correlation of the density reduction measured with the LP and the plasma frequency reduction measured with the hairpin resonance probe, and the S2-1 probe allows for confidence in the operation of our probes. The application of a magnetic field significantly reduced the plasma density. The addition of a perpendicular electric field increased the size of the low-density window and further lowered the plasma density slightly in the region near the cathode. This result suggests that the diverging magnetic field played a larger role in the density attenuation than either the E B drift or the high-voltage sheath. In addition, we saw signal attenuation levels drop to less than 2 dB for frequencies in the GPS range that were previously attenuated more than 10 dB. Future work should include the creation of a uniform magnetic field, possibly with permanent magnets. This will allow for determination of whether the E B field will affect the plasma density to the extent of the diverging magnetic field, or more, as has been suggested by previously performed simulation work [12] .
